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1.  Introduction 


This  report  describes  new  vacuum-assisted  resin  transfer  molding  (VARTM)  polymer  matrix 
composite  fabrication  processes  developed  at  the  U.S.  Army  Research  Laboratory  (ARL).  The 
processes  were  developed  in  response  to  the  perceived  need  to  be  able  to  control  the  thickness 
and  reinforcement  fiber  volume  fraction  (Vf)  of  composites  for  a  variety  of  applications. 
Conventional  VARTM  processes  such  as  Seeman’s  Composite  Resin  Infusion  Molding  Process1 
(SCRIMP)  do  not  offer  adequate  control  of  these  parameters.  Moreover,  SCRIMP  frequently 
results  in  composites  with  fiber  content  gradients.  A  brief  discussion  of  SCRIMP  as  practiced  at 
ARL  is  presented  in  the  appendix. 

The  first  of  the  new  processes,  described  in  section  2  of  this  report,  is  known  as  “Vmin”2  since  it 
was  developed  as  a  variation  on  SCRIMP  that  allows  composites  with  relatively  low  values  of 
fiber  volume  fraction  (typically  under  50  volume  %  glass)  to  be  made.  The  desire  for  such  a 
process  arose  during  an  effort  to  fabricate  a  large  number  of  polyurethane  resin  based  panels 
with  low  fiber  content  for  high  flexibility.  The  panels  were  made  by  hand,  which  required  many 
precautions,  and  resulted  in  a  product  with  large  variations  in  thickness  and  general  quality. 

More  generally,  it  is  desirable  to  have  a  composite  fabrication  process  that  uses  low  cost  tooling 
that  allows  the  processor  to: 

1 .  control  fiber  volume  percentage  from  35%  to  60%, 

2.  control  the  thickness  of  the  part, 

3.  obtain  good  uniformity  through  the  thickness  of  the  part, 

4.  process  large  area  parts  rapidly, 

5.  process  with  viscous  or  very  fast  curing  resins, 

6.  obtain  a  good  surface  finish, 

7.  generate  a  minimum  of  waste,  and 

8.  turn  off  the  vacuum  system  and  walk  away  when  the  part  is  filled,  with  no  circulation  of 
resin  through  the  part  or  removal  of  resin  required. 


1  Seeman,  W.  H.  Plastic  Transfer  Molding  Techniques  for  the  Production  of  Fiber  Reinforced  Plastic  Structures,  U.S.  Patent 
No.  4,902,215,  20  February  1990. 

9 

Rigas,  E.;  Spurgeon,  W.  A.;  Walsh,  S.  Fabrication  of  Composite  Skirts  for  Tracked  Vehicles  Using  FASTRAC  Processing 
Techniques ;  ARL-TR-2868;  U.S.  Army  Research  Laboratory:  Aberdeen  Proving  Ground,  MD,  2002. 
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A  detailed  analysis  of  SCRIMP  pointed  the  way  to  a  process  that  meets  these  objectives.  This 
new  process,  volume  control  VARTM,  is  described  in  section  3  of  this  report. 


2.  Vmin 


2.1  Background 

Composites  made  by  standard  vacuum  bag  methods,  using  typical  reinforcement  fabrics  and 
either  wet  resin  lay-ups  or  prepreg  technology,  will  usually  contain  about  50%  fiber  by  volume. 
These  vacuum  bag  methods  are  not  satisfactory  for  making  a  composite  with  a  lower  volume 
fraction  of  reinforcement  fiber.  However,  ARL  experience  has  shown  that  adding  a  large  excess 
of  resin  to  a  wet  resin  or  prepreg  lay-up  generally  results  in  a  poor  quality  part  that  is  hard  to 
reproduce  and  that  typically  has  a  high  void  content.  Some  control  over  the  fiber  volume 
fraction  can  be  obtained  by  using  a  fabric  with  a  different  weave  pattern  such  as  a  0-90-stitched 
fabric  or  a  chopped  strand  mat  as  opposed  to  a  plain  weave  fabric.  It  is  not  always  possible  or 
desirable  to  change  fabric  style,  however. 

VARTM  or  variations  on  this  process,  such  as  SCRIMP,  result  in  a  fiber  volume  fraction 
determined  by  the  applied  pressure  and  the  weave  of  the  fabric.  The  degree  of  control  over  the 
fiber  volume  and  part  thickness  obtained  by  methods  that  do  not  use  a  mold  is  minimal,  however. 
Resin  transfer  molding  is  often  an  alternative  to  vacuum  bag  methods.  The  volume  fraction  of 
fiber  in  a  composite  part  made  by  this  method  can  be  controlled  by  the  amount  of  compression 
the  mold  provides  to  the  dry  fabric.  The  mold  also  determines  the  part  thickness.  However,  this 
process  requires  a  relatively  expensive  closed  mold,  which  could  be  an  unacceptable  expense  if 
only  a  few  parts  are  needed.  If  composites  with  a  low  volume  fraction  of  reinforcement  fiber  are 
needed,  a  simple,  reliable  method  of  fabricating  them  is  clearly  desirable. 

2.2  The  Vmin  Process 

Vmin  employs  VARTM  or  variations  on  this  process,  such  as  SCRIMP,  to  fill  the  part  with 
resin.  For  a  flat  panel,  the  reinforcement  fabrics  are  first  cut  slightly  (typically  0.5  to  1  in)  larger 
than  the  desired  part  size.  Referring  to  figure  1,  the  desired  number  of  plies  of  cut  fabrics  (2)  are 
then  stacked  on  a  rigid  bottom  plate  (1),  which  is  typically  metal.  Rigid  supports  (or  spacers) 

(3),  also  typically  metal,  are  placed  along  two  opposite  sides  of  the  fabric  stack.  One  or  more 
plies  of  a  porous  release  fabric  (hidden  under  item  4)  and  a  layer  of  distribution  medium  (4),  cut 
no  larger  than  the  fabrics,  may  then  be  placed  on  top  of  the  fabric  stack,  as  in  SCRIMP.  A  fill 
line  (5)  is  placed  on  one  of  the  unsupported  sides  and  a  suitable  vacuum  line  (6)  is  placed  on  the 
other.  A  rigid  cover  plate  (not  shown),  typically  metal,  that  is  wider  than  the  fabrics  and  just 
slightly  longer  is  then  placed  over  the  assembly  so  that  it  rests  on  the  rigid  supports.  Following 
standard  practice,  the  assembly  is  then  vacuum  bagged,  evacuated,  and  infused  with  resin  that  is 
then  cured.  Finally,  the  part  is  debagged  and  trimmed  to  size. 
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Figure  1.  A  top  view  of  the  first  setup  for  fabricating  a  composite  part  with  a  low  volume 

percentage  of  reinforcement  fibers.  Legend:  1 -rigid  base  plate,  2-cut  fabrics,  3-rigid 
spacers,  4-release  fabric  and  transfer  medium,  5-fill  line,  and  6-vacuum  line. 

Invariably,  a  small  space  or  gap  is  left  between  the  cut  fabric  stack  (2)  and  the  rigid  supports  (3) 
in  figure  1 .  It  is  possible  for  resin  to  flow  preferentially  through  this  space  to  the  vacuum  side 
instead  of  flowing  through  the  fabric  stack,  a  process  known  as  “racetracking.”  Since  the 
resulting  part  is  not  completely  filled  with  resin,  it  is  not  the  desired  product.  It  is  thus  important 
that  this  space  be  minimized,  or  that  the  racetracking  be  otherwise  prevented.  It  is  possible  to 
avoid  this  racetracking  altogether  by  cutting  the  fabrics  to  a  particular  pattern  and  supporting  the 
cover  plate  in  a  slightly  different  manner.  For  a  flat  panel,  the  fabrics  are  first  cut  as  shown  in 
figure  2.  The  central  square  region  in  the  figure  represents  the  intended  size  of  the  final  part. 
Referring  to  figures  3  and  4,  the  desired  number  of  plies  of  cut  fabrics  (1)  are  then  stacked  on 


3 


Figure  2.  The  basic  pattern  for  cutting  the  fabrics  for  fabricating  a 

composite  part  by  the  setup  in  figures  3  and  4.  The  intended  part 
size  is  that  of  the  inner  box. 

a  rigid  bottom  plate  (7).  The  fabrics  are  typically  2  in  larger  on  each  side  than  the  desired  part 
size.  The  notches  in  the  fabric  are  typically  1.5  in  deep  and  1  in  wide.  These  notches  will  hold 
rigid  supports  (3)  (typically  metal)  that  will  support  a  rigid  cover  plate  (4)  (also  typically  metal). 
Rigid  support  spacers  (3)  that  will  determine  the  thickness  of  the  panel  are  placed  in  the  notches 
on  in  the  fabric  plies.  A  rigid  cover  plate  (4)  is  placed  over  the  spacers  for  simple  vacuum  resin 
transfer  molding.  One  or  more  layers  of  a  porous  release  material  (not  shown),  cut  to  the  pattern 
of  figure  2  could  be  placed  over  the  fabrics  if  desired,  for  example,  to  give  the  upper  surface  a 
slight  texture  to  enhance  paint  adhesion.  Alternatively,  for  a  SCRIMP — like  process,  one  or 
more  layers  of  a  porous  release  material  cut  to  the  pattern  of  figure  2  are  first  placed  over  the  cut 
fabrics.  A  layer  of  an  appropriate  transfer  medium  material  is  placed  over  the  release  material. 

This  is  cut  to  the  size  of  the  finished  part  plus  a  little  extra  on  one  side  to  join  to  the  fill  line,  as 
shown  in  figures  3  and  4.  A  rigid  cover  plate  (4)  is  then  placed  over  the  metal  spacers.  A  resin 
fill-line  (5)  and  a  vacuum  line  (6)  and  are  placed  adjacent  to  the  part  as  in  figures  3  and  4,  and 
the  entire  assembly  is  vacuum  bagged.  The  bag  should  clamp  down  hard  on  the  exposed  fabric 
edges  (the  portions  of  the  cut  fabrics  visible  in  the  top  view  in  figure  3)  right  up  to  the  edge  of 
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Figure  3.  Top  view  of  the  second  setup  for  fabricating  a  composite  part  with  a  low  volume  percentage 
of  reinforcement  fibers.  Legend:  1-cut  fabrics,  2-transfer  medium  over  release  fabrics, 

3 -rigid  spacers,  4-rigid  cover  plate,  5 -fill  line,  6- vacuum  line,  and  7-rigid  bottom  plate. 
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Figure  4.  Side  view  of  the  second  setup  for  fabricating  a  composite  part  with  a  low  volume  percentage 
of  reinforcement  fibers.  Legend:  1-cut  fabrics,  2-transfer  medium  over  release  fabrics,  3-rigid 
spacers,  4-rigid  cover  plate,  5-fill  line,  6-vacuum  line,  and  7-rigid  bottom  plate. 
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the  cover  plate.  This  helps  prevent  racetracking  of  the  resin  and  helps  ensure  a  complete 
fill-out  of  the  fabric.  It  is  also  necessary  to  stuff  several  strips  of  fabric  into  the  exposed  edges  of 
the  fabric  stack  at  regular  intervals.  These  strips  are  the  size  of  the  exposed  edges  and  are 
inserted  to  prevent  the  vacuum  from  pushing  down  the  fabric  under  the  cover  plate.  The  number 
of  such  strips  required  will  vary  with  the  part,  but  enough  should  be  inserted  so  that  the  edges 
will  be  about  as  thick  as  the  support  spacers  (3)  when  it  is  placed  under  vacuum.  This  also 
increases  the  impedance  to  flow  at  the  edges  of  the  part  and  thus  helps  eliminate  racetracking. 

The  bag  is  then  evacuated  and  resin  is  infused  into  the  part.  The  part  is  then  cured,  cooled  if  the 
resin  required  heat  to  set,  debagged  and  trimmed  to  size,  following  standard  practice. 

Although  the  previous  description  is  for  a  flat  plate,  it  should  be  clear  that  a  shaped  part  could 
also  be  made  by  this  method.  All  that  is  needed  are  appropriately  contoured  rigid  male  and 
female  top  and  bottom  plates  and  some  rigid  spacers.  A  closed  mold  is  not  required. 

For  a  large  panel  the  new  method  is  modified  slightly  as  shown  in  figures  5  and  6.  The 
reinforcement  fabrics  (1)  and  release  fabric  (4)  are  cut  to  the  pattern  in  figure  7  and  placed  on  the 
bottom  plate  (7).  These  fabrics  will  have  as  many  slots  for  spacers  as  needed.  The  transfer 
medium  (not  shown)  is  cut  1/2  in  to  1  in  smaller  than  the  part  on  all  sides  and  placed  over  the 
release  fabrics.  The  cover  plate  (4)  is  in  two  sections  (or  more  if  the  part  is  very  large).  Support 
spacers  (3)  are  placed  in  the  notches  in  the  fabric  stack.  The  fill  line  (5)  is  placed  over  the  space 
between  sections  in  the  cover  plates  (4).  The  vacuum  lines  (6)  are  placed  at  the  edges  of  the 
panel.  Extra  strips  of  fabric  are  placed  within  the  exposed  edges  of  the  stack  of  cut  fabrics.  The 
part  is  then  vacuum  bagged  and  infused  with  resin  that  is  then  cured.  Finally,  the  part  is 
debagged  and  trimmed  to  size. 

With  fabrics  such  as  a  24-oz  5x5  woven  roving,  fiber  volume  percentages  from  ~37%  to  50% 
were  obtained  by  this  method.  Attempts  to  make  lower  volume  fraction  composites  with  this 
fabric  resulted  in  composites  with  unacceptably  high  concentrations  of  voids.  Lower  volume 
percentage  composites  require  the  use  of  a  chopped  strand  mat  or  other  high  bulk  factor 
reinforcements  or  preforms. 

2.3  Examples 

A  number  of  samples  were  fabricated  using  the  Vmin  process  in  order  to  demonstrate  reduction 
to  practice.  In  the  first  example,  six  plies  of  24-oz  per  square  yard  5x5  S-2  glass  woven  roving 
~16-in  square  were  cut  in  the  pattern  of  figure  2.  Aluminum  support  spacers,  each  0.25  in  thick, 
were  placed  in  each  of  the  four  notches  in  the  fabric.  Two  plies  of  Richmond  Products  type 
A-8888  release  fabric”'  were  cut  to  the  pattern  of  figure  2  and  placed  over  the  fabrics.  A  layer  of 
50%  shade  awning  mesh  ’  was  then  placed  on  top  of  the  stack  to  serve  as  a  distribution  medium. 


Northern  Fiberglass  Sales,  Inc.,  P.O.  Box  2010,  Hampton,  NH  03843-0598. 
^Roxford  Fordell,  16  Pelham  Davis  Circle,  Greenville,  SC  29615. 
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Figure  5.  Top  view  of  a  modification  of  the  setup  in  figures  3  and  4  for  fabricating  a  large  composite  part 
with  a  low  volume  percentage  of  reinforcement  fibers.  Legend:  1-cut  fabrics,  2-release  fabrics, 
3-rigid  spacers,  4-rigid  cover  plate,  5-fill  line,  6-vacuum  line,  and  7-rigid  bottom  plate. 

It  was  cut  to  the  size  of  the  final  part  and  plus  one  inch  on  the  one  side  that  abutted  the  fill  line. 
This  was  then  covered  with  a  13-in  square,  0.625-in  thick  aluminum  cover  plate  that  rested  on 
the  four  0.25-in  thick  aluminum  support  spacers.  Two  strips  of  the  woven  roving  were  placed 
within  the  exposed  edges  of  the  stack  and  two  more  of  the  woven  roving  strips  were  placed  over 
the  top  of  the  edges.  A  fill  line  was  made  by  taking  a  12-in  piece  of  0.5-in  inner  diameter 
polyethylene  spiral  electrical  wire  wrap*  that  had  been  stretched  to  a  length  of  16  in.  This  was 


*Panduit  Type  T62F,  obtained  from  Graybar  Electric,  43  Boulden  Blvd.,  P.O.  Box  900,  New  Castle,  DE  19720. 
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Figure  6.  Side  view  of  a  modification  of  the  setup  in  figures  3  and  4  for  fabricating  a  large  composite  part 
with  a  low  volume  percentage  of  reinforcement  fibers.  Legend:  1-cut  fabrics,  2-release  fabrics, 
3-rigid  spacers,  4-rigid  cover  plate,  5-fill  line,  6-vacuum  line,  and  7-rigid  bottom  plate. 


Figure  7.  The  basic  pattern  for  cutting  the  fabrics  for  fabricating  a  large  composite  part  by  the  setup  in 
figure  5.  Cut-outs  for  four  additional  spacers  are  shown. 


then  wrapped  with  several  layers  of  the  50%  shade  awning  mesh  material.  One  inch  of  the  spiral 
wrap  was  wrapped  around  a  piece  of  0.5-in  OD  by  0.375-in  ID  polyethylene  tubing  at  the  end 
nearest  the  resin  source.  A  similar  piece  of  spiral  electrical  wire  wrap  was  wrapped  with  several 
layers  of  type  7781  E-glass  fabric  and  joined  to  a  piece  of  polyethylene  tubing  for  a  vacuum  line. 
The  fill  and  vacuum  lines  were  put  in  place  and  the  assembly  was  then  vacuum  bagged  and 
infused  with  polyester  resin*  and  cured.  After  the  part  had  cooled,  the  edges  were  trimmed, 
leaving  a  12-in  square  composite  plate  0.197  in  thick,  and  had  a  fiber  volume  percentage  of 
38.4%  ±  0.6%  (0.033  in/ply). 

A  part  made  by  conventional  SCRIMP  using  10  plies  of  the  fabric  was  0.249  in  thick  and  had  a 
fiber  volume  percentage  of  50.6%  ±  0.15%  (0.0249  in/ply). 

Figure  8  shows  the  various  materials  used  in  the  process — the  A8888  release  fabric  (1),  40% 
shade  awning  mesh  (2),  vacuum  line  (3),  composed  of  polyethylene  tubing  and  glass  fabric 
covered  electrical  spiral  wrap,  a  fill  line  (4)  composed  of  the  polyethylene  tubing  and  spiral 
wrap,  and  vacuum  bagging  material  (5). 


* 

Type  E-701,  Alpha  Owens  -  Coming,  Valparaiso,  IN. 


8 


Figure  8.  The  materials  used  in  the  V-min  process:  (1)  A8888  release  fabric,  (2)  40%  shade  awning 
mesh,  (3)  vacuum  line,  (4)  composed  of  polyethylene  tubing  and  glass  fabric  covered 
electrical  spiral  wrap,  a  fill  line,  and  (5)  composed  of  the  polyethylene  tubing  and  spiral 
wrap,  and  vacuum  bagging  material. 

In  a  second  example,  15  plies  of  8.8-oz  per  square  yard  style  6781  S-2  glass  fabrics  were  cut  to 
the  pattern  of  figure  2.  As  in  figures  3  and  4,  the  cut  fabric  plies  were  covered  with  release 
fabrics,  distribution  medium,  and  an  aluminum  cover  plate  supported  by  four  0.25-in  thick 
aluminum  spacers.  Ten  additional  strips  of  cut  type  6781  fabric  were  stuffed  at  regular  intervals 
into  the  exposed  edges  of  the  fabric.  Fill  and  vacuum  lines  were  put  in  place  and  the  assembly 
was  vacuum  bagged,  infused  with  polyester  resin,  cured  and  debagged  as  in  the  previous 
example.  The  resulting  part  had  a  glass  content  of  36.4  ±  0.2%.  An  identical  panel  was  also 
made  from  15  plies  of  the  same  glass  fabric  by  the  method  in  figure  1.  The  parts  were 
translucent,  indicating  a  low  void  content.  Samples  prepared  by  SCRIMP  typically  had 
44%  ±1%  glass  by  volume. 


In  a  third  example,  15  plies  of  the  type  6781  S-2  glass  fabric  were  cut  1 1.5-in  square  and  stacked 
as  in  figure  1 .  The  plies  were  then  covered  with  the  release  fabric  and  distribution  medium. 

Two  aluminum  support  spacers,  0.25  in  thick  x  2  in  wide  x  12  in  long,  were  placed  adjacent  to 
the  part.  A  13-in  square  by  0.625-in  thick  cover  plate  was  placed  on  top  of  the  spacers.  Fill  and 
vacuum  lines  as  in  the  previous  examples  were  placed  adjacent  to  the  fabrics  as  in  figure  1.  The 
part  was  infused  with  a  polyurethane  resin,  cured,  cooled,  and  trimmed  to  size.  It  was  found  to 
contain  33.3%  ±  0.2  %  glass  by  volume,  as  expected. 
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In  a  fourth  example,  4  plies  of  a  chopped  strand  E-glass  mat  were  cut  as  in  figure  2,  put  in  place, 
vacuum  bagged  and  infused  as  in  the  two  previous  examples.  It  contained  30.0  ±  0.5  volume  % 
glass.  A  4-ply  part  made  by  conventional  SCRIMP  using  this  glass  mat  contained  41.9%  ±  0.4% 
glass  by  volume. 

All  physical  properties  of  composites  that  depend  on  the  volume  fraction  of  reinforcement  fiber 
can  be  controlled  by  using  the  Vmin  process.  This  includes  electrical,  mechanical,  and  thermal 
properties.  The  process  also  controls  the  thickness  of  the  part  through  the  use  of  spacers. 

U.S.  patent  number  6,406,660,  “Method  for  producing  polymer  matrix  composites  having  a  low 
volume  percentage  of  reinforcement  fiber  and  controlled  thickness,”  was  issued  in  June  2002. 


3.  Volume  Control  VARTM 


A  practical  and  reproducible  method  of  fabricating  a  composite  with  a  relatively  low  Vf  was 
described  in  the  previous  section.  However,  a  high  Vf  is  more  desirable  in  many  applications.  It 
is  also  desirable  to  have  a  composite  in  which  Vf  is  uniform  throughout  the  sample.  In  particular, 
the  gradient  in  Vf  from  the  top  of  the  sample  to  the  bottom  that  is  often  present  in  a  panel 
fabricated  by  SCRIMP  should  be  absent.  These  factors  pointed  to  the  need  for  a  more  general 
method  of  Vf  control  via  an  easy  to  implement  VARTM  process. 

A  feeler  gauge  with  0.001 -in  sensitivity  was  used  to  monitor  the  thickness  of  a  part  being  made 
by  SCRIMP  with  resin  infused  from  one  end.  The  thickness  of  the  part,  measured  near  the  fill 
line,  remained  unchanged  until  the  part  had  almost  filled  out.  Although  most  of  the  part  is 
generally  filled  out  at  this  point,  after  the  center  of  the  part  is  done.  The  thickness  of  the  part 
then  started  to  increase  as  additional  resin  was  added  to  finish  filling  the  edges  of  the  part 
farthest  from  the  fill  line.  This  indicated  that  stopping  the  infusion  before  the  part  was 
completely  filled  out  would  lead  to  a  part  with  the  maximum  Vf  obtainable  using  only  one 
atmosphere  of  pressure  on  the  part  in  a  vacuum  bag.  Subsequent  experiments  established  that 
this  Vf  was  typically  0.59  and  0.60.  It  is  also  evident  that  the  uniformity  of  the  section  of  a 
composite  panel  that  is  infused  this  way  will  be  as  good  as  it  can  be  and  is  limited  by  the 
uniformity  of  the  plies  of  fabric  used. 

The  rate  of  flow  of  resin  into  the  part  is  limited  by  the  distribution  medium  and  the  thickness  of 
the  part  in  SCRIMP.  The  resin  must  flow  across  the  part  as  well  as  through  the  part.  An 
alternative  is  to  quickly  distribute  the  resin  across  the  surface  of  the  part  and  allow  it  to  soak 
through.  This  is  the  basis  of  another  processing  method  known  as  FASTRACK.  FASTRACK 
overfills  the  part  during  the  process,  which  necessitates  vacuuming  off  the  excess  resin.  It  also 
leaves  a  very  nonuniform  backside  on  the  part.  This  nonuniformity  is  not  acceptable  in  many 
applications. 
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In  order  to  overcome  these  difficulties,  the  process  shown  schematically  in  figure  9  was 
developed.  The  cut  fabrics  are  placed  on  a  plate  to  which  mold  release  had  been  applied, 
covered  with  a  layer  of  release  fabric  (omitted  in  the  figure),  and  two  vacuum  lines  are  placed  on 
several  plies  of  scrap  fabric  hat  are  abutted  to  the  bottom  of  the  part.  The  reusable  processing 
apparatus  is  placed  on  top  of  the  part  as  shown  in  the  sketch.  The  assembly  is  vacuum  bagged 
and  the  part  is  then  infused  with  resin. 


< - FILL  LINE 

VACUUM 

LINE 

Q 

PROCESSING  APPARATUS 

VACUUM 

LINE 

AX 

FABRIC  STACK 

BOTTOM  PLATE  OR  TOOL 

Figure  9.  A  sketch  of  the  second  new  VARTM  process. 

Processing  apparatus  consisting  of  a  top  and  a  bottom  plate  is  shown  in  figure  10.  The  top  plate, 
at  the  left  in  the  figure,  has  a  hole  in  the  center  for  resin  input  and  a  slot  about  0.5  in  wide  and 
0.125  in  deep  that  stops  ~0.5  in  from  the  edge  of  the  plate.  The  bottom  plate  at  the  right  in  the 
figure  has  a  series  of  0.0625-in  slots  milled  as  shown.  These  slots  stop  -1  in  from  the  sides  of 
the  part  and  2  in  from  the  ends  (with  the  vacuum  lines).  The  part  with  the  wider  slot  is  placed 
perpendicular  to  the  other. 

A  vacuum  bagged  part  ready  for  resin  infusion  is  shown  in  figure  1 1 .  This  processing  method 
worked  very  well;  all  parts  filled  out  rapidly  without  dry  spots.  The  surface  finish  of  the  parts 
was  excellent;  the  resin  infusion  slots  left  marks  on  the  part  that  could  be  seen  but  not  felt,  even 
with  soft  and  pliable  type  7781  E-glass  fabrics.  It  can  be  seen  that  the  edges  of  the  metal 
apparatus  were  covered  with  a  blue  tape.  This  prevents  the  edges  of  the  metal  apparatus  from 
cutting  through  the  vacuum  bag. 

No  attempt  was  made  to  optimize  the  size  of  the  slots  because  the  fill  rate  was  quite  rapid  for  the 
parts  that  were  fabricated.  The  speed  was  limited  by  the  soak  through  time  in  all  parts  that  were 
fabricated.  One  sample  was  made  using  a  resin  with  sufficient  catalyst  to  reduce  the  pot  life  to 
-5  min.  A  very  satisfactory  0.25-in  thick  part  was  also  made  using  a  polyurethane  resin  with  a 
viscosity  of  2200  cP  at  the  140  °F  processing  temperature. 
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Figure  10.  Aluminum  processing  apparatus  used  in  the  second  new  VARTM  process. 


Figure  1 1 .  A  part  ready  for  resin  infusion  using  the  second  new  process. 
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The  initial  processing  apparatus  was  made  from  aluminum.  A  modest  effort  was  required  to 
clean  this  apparatus  for  reuse.  Subsequent  processing  apparatus  for  use  with  hard  resins  was 
made  from  nylon  ~0.1  in  thick  for  the  two  slotted  parts.  A  metal  plate  with  a  fill  line  attachment 
was  then  placed  over  the  two  nylon  parts.  This  could  be  twisted  easily  to  remove  solidified  resin 
from  the  slots  after  processing  and  the  remaining  solidified  resin  could  be  wiped  off  with  a  rag. 
For  processing  soft  resins  such  as  polyurethanes,  the  metal  apparatus  was  better;  it  was  possible 
to  grab  one  end  of  the  cured  excess  resin  and  pull  it  out  in  one  piece,  leaving  clean  apparatus 
behind. 

The  process  just  described  was  demonstrated  on  relatively  small  (typically  1  ft2)  flat  plates. 
Extension  of  the  process  to  larger  parts  should  be  straightforward.  Several  sets  of  apparatus 
could  be  used  that  could  be  infused  with  resin  sequentially  if  this  proved  to  be  necessary. 
Extension  to  shaped  parts  is  also  possible.  Apparatus  for  infusing  a  5-sided  box  was  designed 
but  not  tested  since  the  need  for  the  box  disappeared.  Rounded  parts  would  require  appropriately 
designed  tooling,  but  this  tooling  could  be  made. 

Fiber  volume  fractions  of  0.58  to  0.60  can  be  obtained  by  not  completely  filling  out  the  edges  of 
the  part,  as  previously  indicated.  However,  a  better  method  is  to  add  some  spacers  under  the 
outermost  plate  and  then  clamp  the  top  and  bottom  plates  together  using  C-clamps.  For  low  fiber 
volume  fractions,  this  process  reproduces  Vmin  results.  It  also  allows  for  fiber  volume  fractions 
as  high  as  0.60  using  only  atmospheric  pressure.  Although  the  spacers  are  not  strictly  necessary 
for  high  fiber  volume  fractions,  they  do  make  it  easier  to  clamp  the  part  uniformly. 

One  advantage  to  having  the  part  clamped  in  this  manner  is  that  once  the  part  is  filled,  the 
process  is  complete.  The  vacuum  can  be  turned  off  and  the  part  allowed  to  cure  in  the  clamped 
mold. 

Panels  made  using  these  processes  were  used  in  a  study  of  the  microwave  dielectric  properties  of 
polyester  and  vinylester  matrix  glass  reinforced  composites.3  Very  little  sanding  was  required  to 
obtain  the  flatness  and  parallelism  for  these  samples  with  minimal  depth  gradient  of  volume 
fraction.  In  contrast,  samples  made  by  SCRIMP  typically  had  to  have  the  top  40%  to  50% 
sanded  off  before  consistent  dielectric  constant  measurements  were  obtained  because  of  the 
extensive  Vf  gradients. 

High  Vf  composites  could  also  be  made  by  the  Vmin  process  with  appropriate  spacers  and 
clamps.  The  process  previously  described  is  faster  and  possibly  easier,  however. 


3 

Spurgeon,  W.  A.  Free  Space  Measurement  of  the  Dielectric  Constants  of  Constants  of  Some  Polyester,  Vinyl-Ester  and 
Cyanate-Ester  Resins  and  Their  Glass  Reinforced  Composites ;  ARL-TR-3083;  U.S.  Army  Research  Laboratory:  Aberdeen 
Proving  Ground,  MD,  2003. 
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4.  Conclusions 


Two  new  VARTM  processes  have  been  described  that  allow  control  of  the  fiber  volume  fraction, 
thickness,  and  uniformity  of  the  composite  parts.  The  processes  also  meet  the  other  criteria 
described  in  the  introduction. 
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Appendix.  SCRIMP 


Seeman’s  Composite  Resin  Infusion  Molding  Process  is  shown  in  figures  A-l-A-4.  The  dry 
fabrics  were  first  cut  to  size  and  laid  out  on  a  plate  to  which  mold  release  has  been  applied.  They 
were  then  covered  with  one  or  more  sheets  of  a  porous  release  fabric  such  as  the  green 
Richmond  A8888  release  fabric  shown  in  figure  A-l.  A  layer  of  transfer  medium,  such  as  the 
50%  shade  awing  screen  also  shown  in  figure  A-l,  is  then  placed  over  the  part.  The  transfer 
medium  was  cut  ~1  in  smaller  than  the  part  on  the  vacuum  side.  This  forced  the  resin  to  flow 
down  through  the  part,  thus  completely  filling  the  part  before  the  resin  reached  the  vacuum  line. 
The  transfer  medium  was  also  cut  ~0.5  in  smaller  than  the  part  on  the  two  sides  perpendicular 
to  the  fill  and  vacuum  lines.  This  prevented  the  development  of  a  low  impedance  path 
(a  “racetrack”)  along  the  sides  of  the  part.  A  fill  line,  made  from  stretched  0.5-in  ID  Panduit 
plastic  electrical  wrapping  (part  number  T62F)  or  from  a  stretched  metal  spring  and  covered  with 
several  layers  of  the  transfer  medium,  is  placed  adjacent  to  the  part.  A  vacuum  line,  made  from 
the  spiral  wrapping  or  metal  spring  covered  with  several  layers  of  8.8  oz  was  placed  ~6  in  away 
from  the  other  side  of  the  part  on  a  piece  of  scrap  glass  fabric  that  abutted  the  part  (figure  A-2). 
Figure  A-3  shows  a  sketch  of  the  layers  of  material  as  viewed  from  the  side.  The  entire 
assembly  was  then  vacuum  bagged  as  shown  in  figure  A-4  using  a  thin  plastic  bagging  material 
such  as  0.002-in  thick  CAPRAN.*  The  part  was  then  infused  with  resin.  After  the  resin  cured, 
the  part  was  debagged  and  trimmed  tom  size. 

As  an  example  of  the  types  of  problems  that  can  occur  with  this  process,  a  multilaminate  panel 
was  fabricated  using  20  plies  of  type  6781  S-2  glass,  with  every  fourth  ply  separated  by  an 
0.003-in  thick  piece  of  porous  glass  coated  Teflon  release  fabric.  Each  ply  of  glass  fabric  was 
6  in  wide  x  30  in  long.  The  part  was  infused  with  resin  as  described  previously.  The  sample  was 
cured  and  dissected.  Thickness  measurements  were  made  at  five  locations  along  each  4-ply 
laminate.  The  results  are  presented  in  table  A-l .  Both  through  the  thickness  and  end  to  end 
gradients  are  evident. 


Table  A-l.  Thickness  measurements  in  mils  for  the  multilaminate  panel. 


Position 

Laminate  1 
(bottom) 

Laminate  2 

Laminate  3 
(center) 

Laminate  4 

Laminate  5 
(top) 

i  (fiii) 

48 

48 

49 

49 

50 

2 

45 

45 

46 

47 

49 

3  (center) 

43 

43 

44 

45 

45 

4 

42 

43 

43 

45 

46 

5  (vacuum) 

41 

42 

42 

44 

46 

^Northern  Fiberglass  Sales,  Inc.,  P.O.  Box  2010,  Hampton,  NH  03843-0598. 
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Figure  A-l .  The  cut  fabrics  are  covered  with  a  porous  release  fabric  (green  material)  and  a  transfer 
medium  (black  material). 
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Figure  A-2.  A  fill  line  (left)  is  placed  next  to  the  part,  and  a  vacuum  line  (right)  is  placed  several 
inches  away  on  a  thin  (50  mil)  layer  of  scrap  fabric  that  abuts  the  part. 
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Figure  A-3.  A  sketch  showing  the  layers  of  material  viewed  from  the  side. 


Figure  A-4.  The  assembly  is  then  vacuum  bagged  and  infused  with  resin. 
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PICATINNY  ARSENAL  NJ 
07806-5000 

1  PM  MAS 

SFAE  AMO  MAS 
CHIEF  ENGINEER 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
US  ARMY  ARDEC 
PRODUCTION  BASE 
MODERN  ACTY 
AMSMC  PBM  K 
PICATINNY  ARSENAL  NJ 
07806-5000 


1  COMMANDER 

US  ARMY  TACOM 
PM  COMBAT  SYSTEMS 
SFAE  GCS  CS 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
AMSTA  SF 

WARREN  MI  48397-5000 

1  DIRECTOR 

AIR  FORCE  RESEARCH  LAB 
MLLMD 
D  MIRACLE 
2230  TENTH  ST 

WRIGHT  PATTERSON  AFB  OH 
45433-7817 

1  OFC  OF  NAVAL  RESEARCH 

J  CHRISTODOULOU 
ONR  CODE  332 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5600 

1  US  ARMY  CERL 
R  LAMPO 

2902  NEWMARK  DR 
CHAMPAIGN  IL  61822 

1  COMMANDER 

US  ARMY  TACOM 
PM  SURVIVABLE  SYSTEMS 
SFAE  GCSS  W  GSI H 
M  RYZYI 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
CHIEF  ABRAMS  TESTING 
SFAE  GCSS  W  AB  QT 
T  KRASKIEWICZ 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

WATERVLIET  ARSENAL 
SMCWV  QAE  Q 
B  VANINA 
BLDG  44 

WATERVLIET  NY  12189-4050 
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1  TNG  DOC  &  CBT  DEV 
ATZK  TDD  IRSA 

A  POMEY 
FT  KNOX  KY  40121 

2  COMMANDER 

US  ARMY  AMCOM 
AVIATION  APPLIED  TECH  DIR 
J  SCHUCK 

FT  EUSTIS  VA  23604-5577 

1  NSWC 

DAHLGREN  DIV  CODE  G06 
DAHLGREN  VA  22448 

2  US  ARMY  CORPS  OF  ENGR 
CERDC 

T  LIU 
CEW  ET 
T  TAN 

20  MASSACHUSETTS  AVE  NW 
WASHINGTON  DC  20314 

1  US  ARMY  COLD  REGIONS 
RSCH  &  ENGRNG  LAB 
P  DUTTA 
72  LYME  RD 
HANOVER  NH  03755 

1  USA  SBCCOM  PM  SOLDIER  SPT 
AMS  SB  PM  RSS  A 
J  CONNORS 
KANSAS  ST 
NATICK  MA  01760-5057 

1  NSWC 

TECH  LIBRARY  CODE  323 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

2  USA  RDECOM 
MATERIAL  SCIENCE  TEAM 
AMSSB  RSS 

J  HERBERT 
M  SENNETT 
KANSAS  ST 
NATICK  MA  01760-5057 

2  OFC  OF  NAVAL  RESEARCH 

D  SIEGEL  CODE  351 
J  KELLY 

800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 


15  COMMANDER 

US  ARMY  TACOM 
AMSTA  TR  R 
R  MCCLELLAND 
J  BENNETT 
T  GONDA 
D  HANSEN 
S  KNOTT 
AMSTA  JSK 
S  GOODMAN 
J  FLORENCE 
K  IYER 

D  TEMPLETON 
A  SCHUMACHER 
AMSTA  TR  D 
D  OSTBERG 
L  HINOJOSA 
BRAJU 
AMSTA  CS  SF 
H  HUTCHINSON 
F  SCHWARZ 
WARREN  MI  48397-5000 

1  NSWC 

CRANE  DIVISION 
M  JOHNSON  CODE  20H4 
LOUISVILLE  KY  40214-5245 

2  NSWC 

U  SORATHIA 
C  WILLIAMS  CD  6551 
9500  MACARTHUR  BLVD 
WEST  BETHESDA  MD  20817 

2  COMMANDER 
NSWC 

CARDEROCK  DIVISION 
R  PETERSON  CODE  2020 
M  CRITCHFIELD  CODE  1730 
BETHESDA  MD  20084 

1  NAVAL  SEA  SYSTEMS  CMD 
D  LIESE 

1333  ISAAC  HULL  AVE  SE  1100 
WASHINGTON  DC  20376-1100 
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8  DIRECTOR 

US  ARMY  NGIC 
D  LEITER  MS  404 
M  HOLTUS  MS  301 
M  WOLFE  MS  307 
S  MINGLEDORF  MS  504 
J  GASTON  MS  301 
W  GSTATTENBAUER  MS  304 
R  WARNER  MS  305 
J  CRIDER  MS  306 
2055  BOULDERS  RD 
CHARLOTTESVILLE  VA 
22911-8318 

7  US  ARMY  RDECOM 

SOLDIER  SYSTEMS  CENTER 
BALLISTICS  TEAM 
J  WARD 
WZUKAS 
P  CUNNIFF 
J  SONG 

MARINE  CORPS  TEAM 
J  MACKIEWICZ 
AMSSB  RCP  SS 
W  NYKVIST 
S  BEAUDOIN 
KANSAS  ST 
NATICK  MA  01760-5019 

7  US  ARMY  RESEARCH  OFC 
A  CROWSON 
H  EVERETT 
J  PRATER 
G  ANDERSON 
D  STEPP 
D  KISEROW 
J  CHANG 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

1  AFRL  MLBC 

2941  PSTRM  136 

WRIGHT  PATTERSON  AFB  OH 

45433-7750 

1  DIRECTOR 

LOS  ALAMOS  NATL  LAB 
F  L  ADDESSIO  T  3  MS  5000 
PO  BOX  1633 
LOS  ALAMOS  NM  87545 


8  NSWC 

J  FRANCIS  CODE  G30 
D  WILSON  CODE  G32 
R  D  COOPER  CODE  G32 
J  FRAYSSE  CODE  G33 
E  ROWE  CODE  G33 
T  DURAN  CODE  G33 
L  DE  SIMONE  CODE  G33 
R  HUBBARD  CODE  G33 
DAHLGREN  VA  22448 

1  NSWC 

CARDEROCK  DIVISION 
R  CRANE  CODE  6553 
9500  MACARTHUR  BLVD 
WEST  BETHESDA  MD  20817-5700 

1  AFRL  MLSS 
R  THOMSON 

2179  12TH  STRM  122 
WRIGHT  PATTERSON  AFB  OH 
45433-7718 

2  AFRL 

F  ABRAMS 

J  BROWN 

BLDG  653 

2977  P  ST  STE  6 

WRIGHT  PATTERSON  AFB  OH 

45433-7739 

5  DIRECTOR 
LLNL 

R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
M  FINGER  MS  313 
M  MURPHY  L  282 
PO  BOX  808 
LIVERMORE  CA  94550 

1  AFRL  MLS  OL 
L  COULTER 
5851  FAVE 
BLDG  849  RM  ADI  A 
HILL  AFB  UT  84056-5713 

1  OSD 

JOINT  CCD  TEST  FORCE 
OSD  JCCD 
R  WILLIAMS 
3909  HALLS  FERRY  RD 
VICKSBURG  MS  29180-6199 
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3  DARPA 

M  VANFOSSEN 
S  WAX 

L  CHRISTODOULOU 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

2  SERDP  PROGRAM  OFC 
PM  P2 

C  PELLERIN 
B  SMITH 

901  N  STUART  ST  STE  303 
ARLINGTON  VA  22203 

1  OAK  RIDGE  NATL  LAB 
R  M  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 

1  OAK  RIDGE  NATL  LAB 
C  EBERLE  MS  8048 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

3  DIRECTOR 
SANDIA  NATL  LABS 
APPLIED  MECHS  DEPT 
MS  9042 

J  HANDROCK 
Y  R  KAN 
J  LAUFFER 
PO  BOX  969 

LIVERMORE  CA  94551-0969 

1  OAK  RIDGE  NATL  LAB 
C  D  WARREN  MS  8039 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

3  NIST 

J  CHIN  MS  8621 
J  MARTIN  MS  8621 
D  DUTHINH  MS  8611 
100  BUREAU  DR 
GAITHERSBURG  MD  20899 

1  HYDROGEOLOGIC  INC 
SERDP  ESTCP  SPT  OFC 
S  WALSH 

1155  HERNDON  PKWY  STE  900 
HERNDON  VA  20170 


3  NASA  LANGLEY  RESEARCH  CTR 
AMSRD  ARL  VS 
W  ELBER  MS  266 
F  BARTLETT  JR  MS  266 
G  FARLEY  MS  266 
HAMPTON  VA  23681-0001 

1  NASA  LANGLEY  RESEARCH  CTR 
T  GATES  MS  188E 
HAMPTON  VA  23661-3400 

1  FHWA 

E  MUNLEY 

6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

1  USDOT  FEDERAL  RAILROAD 
M  FATEH  RDV31 
WASHINGTON  DC  20590 

3  CYTEC  FIBERITE 
R DUNNE 
D  KOHLI 
R  MAYHEW 
1300  REVOLUTION  ST 
HAVRE  DE  GRACE  MD  21078 

1  DIRECTOR 
NGIC 
IANG  TMT 
2055  BOULDERS  RD 
CHARLOTTESVILLE  VA 
22911-8318 

1  SIOUX  MFG 
BKRIEL 
PO  BOX  400 

FT  TOTTEN  ND  58335 

2  3  TEX  CORP 

A  BOGDANOVICH 
J  SINGLETARY 
109  MACKENAN  DR 
CARYNC  27511 

1  3M  CORP 
J  SKILDUM 

3M  CENTER  BLDG  60  IN  01 
ST  PAUL  MN  55144-1000 
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1  DIRECTOR 

DEFENSE  INTLLGNC  AGNCY 
TA  5 

K  CRELLING 
WASHINGTON  DC  20310 

1  ADVANCED  GLASS  FIBER  YARNS 
T  COLLINS 

281  SPRING  RUN  LANE  STE  A 
DOWNINGTON  PA  19335 

1  COMPOSITE  MATERIALS  INC 
D  SHORTT 
19105  63  AVE  NE 
PO  BOX  25 

ARLINGTON  WA  98223 

1  JPS  GLASS 
L  CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 

1  COMPOSITE  MATERIALS  INC 
R  HOLLAND 
1 1  JEWEL  CT 
ORINDA  CA  94563 

1  COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  SANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 

2  SIMULA 

J  COLTMAN 
R  HUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

2  PROTECTION  MATERIALS  INC 
M  MILLER 
F  CRILLEY 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 

1  ROM  DEVELOPMENT  CORP 
R  O  MEARA 
136  SWINEBURNE  ROW 
BRICK  MARKET  PLACE 
NEWPORT  RI  02840 


2  TEXTRON  SYSTEMS 
T  FOLTZ 

M  TREASURE 
1449  MIDDLESEX  ST 
LOWELL  MA  01851 

1  O  GARA  HESS  &  EISENHARDT 
M  GILLESPIE 
9113  LESAINT  DR 
FAIRFIELD  OH  45014 

1  MILLIKEN  RESEARCH  CORP 
M  MACLEOD 
PO  BOX  1926 
SPARTANBURG  SC  29303 

1  CONNEAUGHT  INDUSTRIES  INC 
J  SANTOS 
PO  BOX  1425 
COVENTRY  RI  02816 

1  ARMTEC  DEFENSE  PRODUCTS 
S  DYER 
85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

1  NATL  COMPOSITE  CTR 
T  CORDELL 
2000  COMPOSITE  DR 
KETTERING  OH  45420 

3  PACIFIC  NORTHWEST  LAB 
M  SMITH 

G  VAN  ARSDALE 
R  SHIPPELL 
PO  BOX  999 
RICHLAND  WA  99352 

1  SAIC 

M  PALMER 

1410  SPRING  HILL  RD  STE  400 
MS  SH4 5 

MCLEAN  VA  22102 

1  ALLIANT  TECHS YSTEMS  INC 

4700  NATHAN  LN  N 
PLYMOUTH  MN  55442-2512 

1  APPLIED  COMPOSITES 
W  GRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 
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1  CUSTOM  ANALYTICAL 
ENG  SYS  INC 
A  ALEXANDER 
13000  TENSOR  LANE  NE 
FLINTSTONE  MD  21530 

1  AAI CORP 

DR  N  B  MCNELLIS 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  OFC  DEPUTY  UNDER  SEC  DEFNS 
J  THOMPSON 

1745  JEFFERSON  DAVIS  HWY 
CRYSTAL  SQ  4  STE  501 
ARLINGTON  VA  22202 

3  ALLIANT  TECHS YSTEMS  INC 

J  CONDON 
ELYNAM 
J  GERHARD 
WV01  16  STATE  RT  956 
PO  BOX  210 
ROCKET  CENTER  WV 
26726-0210 

1  PROJECTILE  TECHNOLOGY  INC 
515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 

1  HEXCEL  INC 
RBOE 

PO  BOX  18748 

SALT  LAKE  CITY  UT  841 18 

1  PRATT  &  WHITNEY 
C  WATSON 

400  MAIN  ST  MS  114  37 
EAST  HARTFORD  CT  06108 

5  NORTHROP  GRUMMAN 
B  IRWIN 
K  EVANS 
D  EWART 

A  SHREKENHAMER 
J  MCGLYNN 
BLDG  160  DEPT  3700 
1100  WEST  HOLLYVALE  ST 
AZUSA  CA  91701 

1  HERCULES  INC 
HERCULES  PLAZA 
WILMINGTON  DE  19894 


1  BRIGS  COMPANY 
J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERNDON  VA  22071-2443 

1  GENERAL  DYNAMICS  OTS 
L  WHITMORE 

10101  NINTH  ST  NORTH 
ST  PETERSBURG  FL  33702 

2  GENERAL  DYNAMICS  OTS 
FLINCHBAUGH  DIV 

K  LINDE 
T  LYNCH 
PO  BOX  127 
RED  LION  PA  17356 

1  GKN  WESTLAND  AEROSPACE 
DOLDS 

450  MURDOCK  AVE 
MERIDEN  CT  06450-8324 

2  BOEING  ROTORCRAFT 
P  MINGURT 

P  HANDEL 

800  B  PUTNAM  BLVD 

WALLINGFORD  PA  19086 

5  SIKORSKY  AIRCRAFT 

G  JACARUSO 
T  CARSTENSAN 
B  KAY 

S  GARBO  MS  S330A 
J  ADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06497-9729 

1  AEROSPACE  CORP 
G  HAWKINS  M4  945 

2350  E  EL  SEGUNDO  BLVD 
EL  SEGUNDO  CA  90245 

2  CYTEC  FIBERITE 
M  LIN 

W  WEB 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

2  UDLP 

G  THOMAS 
M  MACLEAN 
PO  BOX  58123 
SANTA  CLARA  CA  95052 


26 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  UDLP  WARREN  OFC 
ALEE 

31201  CHICAGO  RD  SOUTH 
SUITE  B 102 
WARREN  MI  48093 

3  UDLP 

W  BALLATA 
R  BRYNSVOLD 
P  JANKE  MS  170 
4800  EAST  RIVER  RD 
MINNEAPOLIS  MN  55421-1498 

1  LOCKHEED  MARTIN 
SKUNK  WORKS 
D  FORTNEY 
1011  LOCKHEED  WAY 
PALMDALE  CA  93599-2502 

1  LOCKHEED  MARTIN 
R  FIELDS 
5537  PGA  BLVD 
SUITE  4516 
ORLANDO  FL  32839 

1  NORTHRUP  GRUMMAN  CORP 
ELECTRONIC  SENSORS 
&  SYSTEMS  DIV 
ESCHOCH  MS  V  16 
1745 A  W  NURSERY  RD 
LINTHICUM  MD  21090 

1  GDLS  DIVISION 
D  BARTLE 

PO  BOX  1901 
WARREN  MI  48090 

2  GDLS 
DREES 
M  PASIK 
PO  BOX  2074 
WARREN  MI  48090-2074 

1  GDLS 

MUSKEGON  OPER 
M  SOIMAR 
76  GETTY  ST 
MUSKEGON  MI  49442 

1  ARROW  TECH  ASSOC 

1233  SHELBURNE  RD  STE  D8 
SOUTH  BURLINGTON  VT 
05403-7700 


1  GENERAL  DYNAMICS 
AMPHIBIOUS  SYS 
SURVIVABILITY  LEAD 
G  WALKER 
991  ANNAPOLIS  WAY 
WOODBRIDGE  VA  22191 

6  INST  FOR  ADVANCED 
TECH 
H  FAIR 
I  MCNAB 
P  SULLIVAN 
S  BLESS 
W  REINECKE 
C  PERSAD 

3925  W  BRAKER  LN  STE  400 
AUSTIN  TX  78759-5316 

1  R  EICHELBERGER 
CONSULTANT 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  SAIC 

G  CHRYSSOMALLIS 

8500  NORMANDALE  LAKE  BLVD 

SUITE  1610 

BLOOMINGTON  MN  55437-3828 

2  UNIV  OF  DAYTON 
RESEARCH  INST 
RYKIM 
AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

1  UCLA  MANE  DEPT  ENGR IV 

H  T  HAHN 

LOS  ANGELES  CA  90024-1597 

1  UMASS  LOWELL 
PLASTICS  DEPT 
N  SCHOTT 
1  UNIVERSITY  AVE 
LOWELL  MA  01854 

1  IIT  RESEARCH  CTR 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 
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1  GA  TECH  RESEARCH  INST 
GA  INST  OF  TCHNLGY 
P  FRIEDERICH 
ATLANTA  GA  30392 

1  MICHIGAN  ST  UNIV 
MSM  DEPT 
R  AVERILL 
3515  EB 

EAST  LANSING  MI  48824-1226 

1  UNIV  OF  WYOMING 
D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 

1  PENN  STATE  UNIV 
R  S  ENGEL 

245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

2  PENN  STATE  UNIV 
R  MCNITT 

C  BAKIS 

212  EARTH  ENGR 
SCIENCES  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 
C  T  SUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIV 

DEPT  OF  AERONAUTICS 
&  AEROBALLISTICS 
S  TSAI 

DURANT  BLDG 
STANFORD  CA  94305 

1  UNIV  OF  MAINE 

ADV  STR  &  COMP  LAB 
R  LOPEZ  ANIDO 
5793  AEWC  BLDG 
ORONO  ME  04469-5793 

1  JOHNS  HOPKINS  UNIV 
APPLIED  PHYSICS  LAB 
P  WIENHOLD 
11100  JOHNS  HOPKINS  RD 
LAUREL  MD  20723-6099 


1  UNIV  OF  DAYTON 
J  M  WHITNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

1  NORTH  CAROLINA  ST  UNIV 
CIVIL  ENGINEERING  DEPT 
W  RASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

5  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MTRLS 
J  GILLESPIE 
M  SANT ARE 
S  YARLAGADDA 
S  ADVANI 
D  HEIDER 
201  SPENCER  LAB 
NEWARK  DE  19716 

1  DEPT  OF  MTRLS 
SCIENCE  &  ENGRG 
UNIV  OF  ILLINOIS 
AT  URBANA  CHAMPAIGN 
J  ECONOMY 

1304  WEST  GREEN  ST  1 15B 
URBANA  IL  61801 

1  UNIV  OF  MARYLAND 

DEPT  OF  AEROSPACE  ENGRG 
A  J  VIZZINI 

COLLEGE  PARK  MD  20742 

1  DREXEL  UNIV 
A  S  D  WANG 
3141  CHESTNUT  ST 
PHILADELPHIA  PA  19104 

3  UNIV  OF  TEXAS  AT  AUSTIN 

CTR  FOR  ELECTROMECHANICS 
J  PRICE 
A  WALLS 
J  KITZMILLER 
10100  BURNET  RD 
AUSTIN  TX  78758-4497 

3  VA  POLYTECHNIC  AL 
INST  &  STATE  UNIV 
DEPT  OF  ESM 
M  W  HYER 
K  REIFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 
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1  SOUTHWEST  RESEARCH  INST 

ENGR  &  MATL  SCIENCES  DIV 
J  RIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRD  ARL  WM  MB 
A  FRYDMAN 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 197 

ABERDEEN  PROVING  GROUND 

1  US  ARMY  ATC 

CSTE  DTC  AT  AC  I 
W  C  FRAZER 
400  COLLERAN  RD 
APG  MD  21005-5059 

58  DIR  US  ARL 

AMSRD  ARL  Cl 
AMSRD  ARL  O  AP  EG 
M  ADAMSON 
AMSRD  ARL  SL  BA 
AMSRD  ARL  SL  BB 
D  BELY 

AMSRD  ARL  WM 
J  SMITH 

AMSRD  ARL  WM  B 
T  KOGLER 
AMSRD  ARL  WM  BA 
D  LYON 

AMSRD  ARL  WM  BC 
J  NEWILL 
P  PLOSTINS 
A  ZIELINSKI 
AMSRD  ARL  WM  BD 
B  FORCH 
RLIEB 

AMSRD  ARL  WM  BF 
S  WILKERSON 
AMSRD  ARL  WM  M 
J  MCCAULEY 
AMSRD  ARL  WM  MA 
L  GHIORSE 
S  MCKNIGHT 
E  WETZEL 
AMSRD  ARL  WM  MB 
T  BOGETTI 
J  BROWN 
L  BURTON 


R  CARTER 
R  EMERSON 
RKASTE 
B  POWERS 
J  TZENG 

AMSRD  ARL  WM  MC 
R  BOSSOLI 
ECHIN 

S  CORNELISON 
D  GRANVILLE 
M  MAHER 
F  PIERCE 
E  RIGAS 
W  SPURGEON 
AMSRD  ARL  WM  MD 
J  CAMPBELL 
B  CHEESEMAN 
P  DEHMER 
S  GHIORSE 
WROY 
J  SANDS 
D  SPAGNUOLO 
T  TAYLOR 
S  WALSH 
J  WOLBERT 
AMSRD  ARL  WM  RP 
J  BORNSTEIN 
C  SHOEMAKER 
AMSRD  ARL  WM  T 
B  BURNS 

AMSRD  ARL  WM  TA 
W  BRUCHEY 
M  BURKINS 
W  GILLICH 
B  GOOCH 
T  HAVEL 
C  HOPPEL 
E  HORWATH 
J  RUNYEON 
M  ZOLTOSKI 
AMSRD  ARL  WM  TB 
P  BAKER 

AMSRD  ARL  WM  TC 
R  COATES 
AMSRD  ARL  WM  TD 
S  SCHOENFELD 
AMSRD  ARL  WM  TE 
J  POWELL 
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